Abstract
The U.S. Department of Energy's (DOE's) Federal Energy Management Program (FEMP) supported this effort to reduce energy use and associated expenses in the fderal sector. The effort was a project under the New Technology Demonstration Program (NTDP) to til, operate, monitor, evaluate and make known the results of the demonstration of radiation control coatings manufactured by Thermshield International, Ltd. and installed on federal buildings at Tyndall Air Force Base. The Buildings Technology Center (BTC) at Oak Ridge National Laboratory (ORNL) gathered, analyzed and reported on the data. Two entire roofs at Tyndall AFB and parts of several others at Tyndall AFB and at the BTC were coated.
A monitoring plan was implemented and included pre-coating monitoring at Tyndall AFB. Results from the pre-coating monitoring and iiom immediately after coating showed a significant reduction in roof surfhce temperatures and heat fluxes through the roof insulation during sunlit times. The buildings at Tyndall APB and all the coatings were monitored through two summers after coatings were applied to see effects of weathering on thermal performance. The monitoring equipment was then removed but the coatings remained in place. Solar reflectance is an important petiormance parameter for coatings. The solar reflectamxs of the coatings decreased from initial levels of 0.8 down to about 0.7 on smooth surfaces over the 500 days of monitoring. On the rough surfaces of the two entire roofs, the reflectance decreased from 0.55 initially down to about 0.45 at the end of 500 days.
The roofs were insulated with two inches (5. 1 cm) of foam insulation. The buildings under the roofs had varying features of construction and operation. Generalizations were sought from roof and wholebuilding models calibrated to the monitored roofs and buildings at Tyndall APB. The roof models addressed the effects of roof composition and coating on heat fluxes throughout the roof. They generally showed significant heat flux reductions through the roof decks under the coated roofs compared to the uncoated roofs. The whole-building models showed the effect of the coatings on annual energ use of the buildings, both for cooling and total energy use, as a fimction of roof composition (especially insulation level), coating (uncoate& fresh coating and weathered coating) and other specific features (for examples, shading by trees and presence of a plenum under the roof). According to the models, on the roof of one building at Tyndall AFB (with few internal loads and little external shading of the roof by trees), the fkesh coating saved 7.4°/0of annual cooling energy and 3.2°/0of total energy.
Modifications of this building were made in the models and showed progressively more and more energy use as the amount of insulation in the uncoated roof was decreased. In the final case with an uninsulated smooth metal roof and no plen~annual cooling energy savings with the fresh coating increased to 430A. This case also showed that estimates of energy savings over the lifetime of the coatings should be done with weathered coating solar reflectance; otherwise estimates would be too optimistic (for this case, savings estimates were about 50% higher with fi-eshcoatings compared to weathered coatings). Simple payback times using weathered coating reflectance exceeded the projected coating life of 10 to 15 years except on the uninsulated metal roof. These simple payback times did not address other possible benefits of coatings, such as extending the life of the roof membranes they cover.
Objectives
The technical objectives of this CRADA comprise technology deployment and energy conservation efforts with the radiation control coatings industry and the utility sector. The results of this collaboration include a high-level data reporting, analysis and management system to support the deployment efforts. The technical objectives include successfully install, commissio~operate, maintain and document the petiormance of radiation control coatings on roofs at Tyndall AFB and the Buildings Technology Center at the Oak Ridge National Laboratory; determine the life cycle savings that can be achieved by using radiation control coatings on entire roofs at Tyndall AFB, based on documented installed cost and operatinghnaintenance costs with and without the coatings; determine if any specific improvements are required in the coatings before they can be successfully deployed in the federal sector; determine the most effective way ti facilitate the widespread and rapid deployment of radiation control coatings in the federal sector; and clearly define any barriers to deployment.
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Benefits to the Mission of the Funding DOE Office
The mission of the Federal Energy Management Program, which sponsored this project, is to reduce energy use and associated expenses in the federal sector. Federal buildings are located in various climates and are constructed and operated in many ways. The roofs of many of these buildings in cooling dominated climates are potential candidates for application of radiation control coatings. This project collected detailed data on the pefiormance of radiation control coatings in less than ideal circumstances for maximizing the energy savings from the coatings: rough-surfaced roofs with moderate levels of insulation. It has also provided evidence on the performance of the coatings over time sufficient for their solar reflectance to decrease due to weathering effects, The models of the buildings whose roofs were coated under these conditions reflect the effects of the conditions on energy savings. Generalizations of the models to buildings with smooth and rough roof surfaces and various levels of roof insulation show the range of economic benefits from energy savings. Radiation control coatings are not for every roof. This project provides data and procedures to help federal building managers decide if their roof is a viable candidate for a coating.
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Technical Discussion
Introduction
A cooperative research and development agreement (CMDA) was formed between Lockheed Martin Energy Research Corporation and Thermshield International, Ltd., in order to install, operate, monitor, evaluate, and report the results of a demonstration of radiation control coatings installed on federal buildings at Tyndall Air Force Base (APB). Through a submittal to the New Technology Demonstration Program (NTDP) of the Federal Energy Management Program (FEMP) and a favorable economic analysis based on the submittal, Thermshield was selected as the manufacturer of the product to be applied to two entire roofs at Tyndall AFB in Florida. The Buildings Technology Center (BTC) at the Oak Ridge National Laboratory (ORNL), Oak Ridge, Tennessee, was assigned the lead role for carrying out the demonstration and reporting the results. Lawrence Livermore National Laboratory provided most of the radiation control coatings tlom a supply purchased from Therrnshield.
The CRADA allowed 2 years to monitor the pre-coating performance of roofs at Tyndall APB and then the performance of the roofs with radiation control coatings as they weathered. For several years, the BTC has been monitoring small areas of roofs covered with various white radiation control coatings. This experience shows that there is a significant decrease in the thermal performance of white radiation control coatings due to weathering during the first 2 years after application. In this study, the Tyndall AFB roofs were coated less than 4 months into the 2-year period of performance of the CRADA. Therefore, the roofs were monitored during most of the critical first summer after coating and all of the equally critical second summer.
This report describes the effects of radiation control coatings installed on the federal buildings at Tyndall APB and on an outdoor test facility at ORNL. Measurements at Tyndall AFB show the history of outside-surfhce temperatures for coated and uncoated roof surl%cesand solar reflectance of roof surf%ces from July 1996 (when the roofs were coated) through October 1997. They are supplemented by solar reflectance for test roof surfaces at the BTC. Roof models based on onedimensional transient conduction through the TyndalI APB roofs are used to compare the heat fluxes through the roof decks for coated and uncoated roof surfaces. DOE 2. lE whole-building annual energy use predictions specific to the buildings and their operating schedules show the effect of the coatings and other building features for the climatic conditions of the Florida Panhandle. The DOE2 models were validated by comparisons to whole-building electricity use monitored for the buildings at Tyndall APB.
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Overview of Project
The two buildings selected for monitoring at Tyndall AFB -a convenience store and a veterinary clinic -had low-slope roofs over 2 in. (5.1 cm) thick and aged polyisocyanurate insulation, a common foam insulation for low-slope roofs. A layer of gravel was embedded in the top coat of asphalt to complete the four-ply built-up roofs (BURS). The convenience store roof is significantly shaded by live oak (encina) trees to the south. The part of this roof in which instruments were installed -the roof for a storeroom at the east end of the store -was built over a metal deck directly exposed to the storeroom interior. The storeroom roof area was about one-fourth of the total for the convenience store. The rest of the building had a BUR over a wood deck with a plenum and drop ceiling below the roof. The roof of the second building, a veterinary clinic, had a heavyweight concrete deck and lightweight concrete over it, in addition to the insulation and the BUR. Figure 1 shows cross sections of the two roofs and the placement in them of heat flux transducers in the middle of the polyisocyanurate insulation. Three thermocouples, vertically aligned with each heat flux transducer, constituted a set of instruments for monitoring thermal performance. One thermocouple was attached to the underside of the deck, another was placed on the outside surface, and the third junction was about 3 in. (7.6 cm) above the suri%cein the outside air. There were two sets of instruments on each roof, one in an area coated in July 1996 and the other in an area about 2 ft by 2 ft (0.61 m by 0.61 m) that was left uncoated throughout the project. The uncoated areas were masked during coating by pieces of BUR like that on the roofs. These coated loose pieces were weathered along with the rest of the coated areas on each roof. Samples were cut from these pieces periodically to take to a laboratory for measurement of solar reffectances and then stored for a historical record of weathering.
To provide comparisons to the data from the weathered BUR samples and the instrumentation at the two locations on each B~solar reflectance and some outside-surface temperatures for two other locations and various coatings are also given in this report. The first additional location, on the roof of a fast-find restaurant at Tyndall AFB, had 2-ft by 2-ft areas where an acrylic elastomeric coating and the ceramic coating used on the BURS were tested side by side. The restaurant roof consisted of about 3 in. (7.6 cm) of polyisocyanurate insulation and a plywood deck under a smooth single-ply membrane. The second additional location was an outdoor test facility at ORNL, in East Tennessee. The same coatings used at Tyndall APB in Florida and two other ceramic coatings were tested at ORNL during the time frame of the Florida project. Only reflectance data from fresh and weathered samples at this location are included.
The temperatures and heat fluxes from the six instrumented areas at Tyndall APB, as well as the total electricity use from pulse-initiating kilowatt-hour meters in the two buildings with BURS, were stored in data loggers in each building as hourly averages of l-rein scans until these data were retrieved by modem link at one-week to one-month intervals. Personnel from ORNL retrieved the freshly coated membrane samples during a trip to Tyndall APB in July 1996 to rendezvous with personnel from l%ermshield, the ceramic coating manufacturer, to cleanup the roofs, apply the coating, and check that the monitoring technology was fimctioning after the coating was applied. The samples of weathered coatings were retrieved by ORNL personnel during trips to Tyndall AFB in November 1996 , March 1997 , and November 1997 . During the last trip the data loggers were disconnected and all instrumentation leads cut off and removed. The heat flux transducers were left embedded in the roofs and the coatings were left intact. What was left of the coated loose pieces of BUR was left on the coated roofs.
We originally planned to continue monitoring at Tyndall APB for two more summers beyond the period of perilormance of the CRADA before decommissioning the technology monitoring system. With the coatings in place and the monitoring system functioning, it would have been convenient to get additional data on the effect of weathering beyond the period of petiormance of this CRADA. However, during the second summer of monitoring we learned that the convenience store was scheduled for extensive renovation within a year. The evidence from two summers showed that a fully weathered value of solar reflectance had been reached on the rough-sutiaced roofs at Tyndall AFB. The decision was made to end all monitoring in November 1997.
Measurements of Reflectance and Outside-Surface Temperatures
This project's unique focus was to document the effkct of white coatings on the thermal performance of rough-surfaced BURS. Solar reflectance and outside-surface temperatures show measurable evidence of this effect. Solar reflectance, or albedo, is the fraction of incoming solar irradiation that is reflected away from a surfkce. Since roof membranes, coated or uncoatei are not transparent to solar radiation, what is not reflected is absorbed. If the roof deck is kept at approximately constant temperature and thermal conductivities of roof components remain approximately constant, absorbed solar radiation raises the surface temperature. Under these conditions, the lower the reflectance, the more the absorption of solar irradiation and the higher the surfhce temperature. Table 1 shows the history of the solar reflectance of various coated and uncoated roof membranes. Fresh and weathered values for a variety of white coatings on both smooth and rough surfaces are included. The coatings are either acrylic elastomeric coatings (RH3, RH2, RHl) or latex-based coatings with ceramic beads (SHP, VC, TC2, SOL, TC 1, INS). Figure 2 is a graph of some of the data in Table 1 to provide a perspective on the solar reflectance of the samples SHP and VC from the coated rough-surfaced BURS on the convenience store and the veterinary clinic. The solar reflectance of the flesh white coatings on smooth surf%sesvary from 0.77 to 0.85. The fresh values on smooth surfaces are more than 0.20 higher than the fresh values on the rough BURS. However, as Table 1 shows, the fresh values of 0.53 to 0.54 on the rough BURS are 0.45 higher than the reflectance of the uncoated membranes. The reflectance of the white coated membranes show various rates of decrease with time, but all seem to have reached a stable weathered value by the end of two years (730 days). The ceramic coatings on the rough surfaces appear to be filIy weathered before 300 days. Smooth curves are shown through the data for SOL; for RH2 and RH3; for TC 1, TC2, INS, and RI-H; and for VC and SHP, respectively, to aid in estimating a filly weathered value of solar reflectance.
Akbari and associates (1998) used annual energy use models to prepare support material for the June 1997 draft for public comment of revisions to ASHRAIYIES Standard 90. 1-1989 1- (ASHRAE 1989 . This &ad proposes insulation credits for reflective roofs. Reflective roofs with an initial solar reflectance exceeding 0.70 and inllared emittances exceeding 0.80 are considered eligible for credit. Modeled reflectance was 0.55, to account for aging effects. The proposed credit is up to a 23°/0reduction in roof insulation R-value for a reflective roof in cooling-dominated climates. The reflectance displayed in Fig. 2 for the coatings on smooth surfaces (all except VC and SHP) indicate that the proposed weathered value is accurate for coatings TC 1, INS, RHl, and possibly TC2. It is conservative for coatings RH3, RH2, and SOL. On the rough BURS, the weathered value is definitely less than 0.55, with large scatter.
No uncoated BUR for reflectance samples was kept on the roofs at Tyndall AFB. The sample yielding the UNC3 data in Table 1 was a piece cut off before the remainder was coated along with the roofs. Its history was unknown; hence, the indication in the table that no intlormationwas available for fresh p + o and the question marks for the age when the weathered p was measured. Evidence in Table 1 for samples UNC 1 and UNC2 shows that the reflectance of uncoated membranes do not appear to change significantly with time as the uncoated surfaces are exposed to climatic conditions. c p = solar reflectance;u = standard deviation of measurements. Table 2 presents values of monthly average sunlit uncoated and coated surface temperatures for the part of the convenience store with the shaded metal-decked roof and for the veterinary clinic roof (the heavyweight concrete-decked roof). Of primary interest in this project is the benefit of white coatings due to their high solar reflectance compared to uncoated black surfaces. By averaging data during times that the coated and uncoated surfaces are sunlit, the benefit is emphasized and quantified while other climatic conditions, such as wind speed and direction and air temperature, are undergoing normal variations. Nighttime and rainy daytime data are not included in the averages. Samples RHl, 2, and 3 were acrylic elastomeric coatings; the remainder were latex-based with ceramic beads. All the coatings except VC and SHP were on smooth surfaces. See Table 1 for details.
In the absence of evidence from measurements of solar irradiation at the test Ioeations, "sunlit" is defined in terms of a simple criterion that was applied to each pair of hourly coated and uncoated temperatures during a month. If solar irradiation of the roofs caused a temperature on an uncoated roof to be more than 7.5°F (4.2"C) warmer than the corresponding temperature on a coated roof, the pair of temperatures was included in the sunlit averages taken at the end of the month. Air temperatures above the coated and uncoated areas were averaged at the same times that the surface temperatures met the sunlit criterion. They are included in Table 2 to provide a measure of the comparability of climatic conditions from month to month. ,
The data in Table 1 indicate that the reflectance of samples SHP and VC decrease over the duration of the project but remain much greater than those of the uncoated BURS. Thus, the behavior of the average sunlit surface temperatures for the coated and uncoated areas on the veterinary clinic roof that is indicated by the data in Table 2 is reasonable. The average outside-air and uncoated surface temperatures are about the same in August and September 1997 compared to August and September 1996. Data for July 1996 are not available for the veterinary clinic because they were lost fi-omstorage in the veterinary clinic's data logger during an electrical storm late in the month. The average coated temperatures in August and September 1997 are higher and the percentage decreases lower than during the same months in 1996, a result that is consistent with lower solar reflectance in 1997 than in 1996. The coated temperature for October 1997 is not higher than that in October 1996, but the percentage decrease is consistent with the comparisons in the hotter months of August and September. No data are given for November through April because too few pairs of temperatures met the sunlit criterion.
For the convenience store root Table 2 shows comparisons for three summer months in 1996 and 1997. As is expected as white coated roofs weather, the coated surface temperatures in 1997 increase relative to 1996, while the benefits in 1997 decrease relative to 1996. Moreover, the coated surfiwe temperatures are somewhat lower and the benefits are somewhat higher than the respective monthly averages for the veterina~clinic. This is consistent with preferential shading of the coated area at midday 112.7 100.7 10.6 91.0 80.4 11,6 a The sunlit criterion for obtaining averageswas based on conditionswhere the temperatureof the outsideuncoatedsurface,TOSunC, exceededthe temperatureof the outside coatedsurface,TOSC,by more than 7.5°F (TOSU.C -TOSC>7.50 F).
bAbbreviations:TOA = temperatureof outside aiL TO&.C = temperatureof outside surface, uncoated TOSC= temperatureof outside surface,coated.
cThe percentagebenefit of lower surfacetemperatureis computedby [(TOSU.C -TOSC)/TOSu.C] x 100. on sumIy summer days at the convenience store. The uncoated area was preferentially shaded in midafternoon, when solar irradiation was lower.
This preferential shading is illustrated by Fig. 3 , which shows hourly temperatures for two similar days in 1996 just before and just after the convenience store roof was coated. Outside-air temperatures for the coated location (lower solid curve) and uncoated location (lower dashed curve) and the uncoated surface temperatures (upper dashed curves) are affected by the shading but have similar profiles before and afler the roof was coated. As the upper solid curves show, there is clearly a beneficial decrease in the surface temperatures as a result of coating the roof. The effects of shading on uncoated sruface temperatures are apparent in the data for the convenience store roof for August, September, and October 1996 and September and October 1997 (Table 2 ). These temperatures are lower than the corresponding temperatures for the veterinary clinic, despite essentially equal outside-air temperatures. The uncoated surface temperatures and outside-air temperatures fi-omApril 1997 through August 1997 are slightly higher for the convenience store than for the veterinary clinic, and the coated surface temperatures are generally lower, but by less for these months than for other months. The shading of the convenience store roof is due to live oak trees. Differences in shading patterns from year to year are possible. Table 3 shows monthly average sunlit temperatures on the roof of the fast food restaurant, where there was no low-reflectance surface. Based on observations when data for the veterinary clinic showed sunny days at Tyndall AFB, the sunlit criterion for the restaurant requires a 2.5°F ( 1.4°C) difference between the coated surface temperatures for samples TC2 and RH3. Throughout the project, air temperatures on the roof of the fast food restaurant were slightly higher than those on the veterinary clinic. The restaurant roof was surrounded by a parapet which sheltered its roof somewhat from wind effects. Also, temperatures from a different part of the day were used. The sunlit criterion for the restaurant tended to be satisfied earlier in the morning of sunny days and ceased being satisfied earlier in the evening compared to the veterinary clinic's criterion.
The surface temperatures for the TC2 and RH3 coated sutiaces are consistent with the behavior of the solar reflectance. Figure 2 shows that the solar reflectance of coating TC2 started out slightly lower than the reflectance of coating RH3 and decreased more in the 500 days of the project. Both coatings were brush-applied to the smooth fast fwd restaurant roof itself and to the smooth EPDM substrate used on this roof for the pieces from which samples were cut for reflectance measurements. The ceramic-filled TC2 brushed on much thicker and yielded a rougher surface than the acrylic elastomeric RH3. The differences between the temperatures of RH3 and TC2 increased in July, August, and September 1997 relative to the same months in 1996. In the summer of 1996 the temperatures of both coated surfaces were somewhat lower than those of the coated surfaces on the veterinary clinic. By the summer of 1997 this was true only for coating RH3. The advantage of the smooth-surfaced substrate had disappeared for coating TC2, apparently because it had a rougher sufiace that encouraged faster weathering than did coating RI-13. a The sunlit criterion for obtaining averageswas based on conditionswhere the temperatureof the outside surfacefor sample TC2 (TOSTCJexceededthe temperatureof the outside surfaceof RH3 (TOSWJ by more than 2.5"F (TO&Cz-TOSmq>2.5 'F).
Abbreviations:TOA = temperatureof outsideaiq TOS~Cz = temperatureof outside surfacefor sample TC2; TOSMq= temperatureof outside surfacefor sampleRH3.
bThe percentagedifferencebetweenthe temperaturesof the two coated surfacesis computedby [(TO&2 -TOSMJ/TOS~C,]X100.
Heat Fluxes through Built-Up Roofs
The test protocol for this project included measurement of roof heat fluxes. Heat fluxes through the roof deck can be a good indicator of the effect of a coating on the energy performance of a building because they are the direct effect of the roof on the interior of the building. For the veterinary clinic roof and threequarters of the convenience store root however, the heat fluxes through the deck entered an unconditioned plenum space above a drop ceiling. Thus, for these areas, the effect of the roof heat flux on the conditioned interior was more indirect than it was for the exposed metal deck of the storeroom in the convenience store. Moreover, roof heat fluxes are sensitive to the composition of the root especially the leveI of insulation.
To ensure accurate measurement of heat fluxes, the heat flux transducers were calibrated in aged polyisocyanurate insulation and embedded in the middle of the insulation not on the decks, in all three roofs at Tyndall AFB (Fig. 1) . Deck heat fluxes were predicted as described below. Only the results for the BURS are included. Heat fluxes for coatings RH3 and TC2 on the restaurant roof were smaller than for the BURs because of thicker insulation in the restaurant roof A sunlit criterion was difficult to implement, since there were no large differences between heat fluxes as there were for the coated and uncoated areas of the BURS.
Despite the carefhl calibration and installation of the heat flux transducers in all roofs, the transducer in the uncoated location at the veterinary clinic failed early in the project. Data from the first few weeks of reliable operation were used to veri& the accuracy of the computer program STAR (Wilkes 1989) . This program uses the one-dimensional transient heat conduction equation with components and their properties for the roof of the veterinary clinic and boundary conditions from inside-surface and outside-surface temperatures measured at the veterinary clinic. In the thermally massive unshaded roof of the veterinary clinic, STAR was able to follow the diurnal transient behavior very well. The remaining measured heat flux through the coated area was considered sufficient to provide an ongoing measure of STAR's accuracy. Figure 4 shows the typical behavior of measured and predicted heat fluxes in the roof of the convenience store at the uncoated location (dashed curves) and coated location (solid curves) for two sunny days about a year apart. The plots show measured and predicted heat fluxes for the middle of the insulation (the location of the heat flux transducers), as well as predicted heat fluxes for the deck. The shading of the convenience store roof induced irregular transient behavior in the measured heat fluxes, in addition to the expected diurnal behavior. One-hour averages captured these behaviors well. Figure 3 showed the same irregular behavior imposed on diurnal variations for the outside-surf%cetemperatures just before and after the roof was coated.
STAR was not able to mirror such irregular measured heat flux behavior given only the hourly surf2ce temperatures as boundary conditions. The solid curves for the coated location show that the predictions for the middle of the insulation compare well, except for a delay, to the measured insulation heat fluxes up to the noontime peak. The predictions do not fall off fast enough to follow the dip at 2 P.M., they overshoot the 4 P.M. peak, and they remain above the measurements the rest of the time. The predictions for the coated heat flux through the metal deck generally follow the predictions for the coated insulation heat flux, wiggling above and below them. This is reasonable for the lightweight roof on the convenience store. Note that the increase in measured heat flux for the coated area after a year of weathering is duplicated by the predictions. The dashed curves for the uncoated heat fluxes show the same inability of the predictions to mirror the measured heat fluxes. The situation is exacerbated by the more severe peaks and valleys of the uncoated heat fluxes. However, there are again small differences between the predicted insulation and deck heat fluxes, much smaller than between the measured and predicted insulation heat fluxes, with the deck fluxes wiggling above and below the predicted insulation fluxes. Figure 5 shows the same comparisons of heat fluxes for the veterinary clinic, except that measured heat fluxes were not available for the uncoated area because of the failure of the heat flux transducer there early in the project. The agreement between the measured and predicted heat fluxes in the middle of the polyisoeyanurate insulation under the coated area is excellent on these hot sunny days, and both capture the effkct of weathering of the coating. Weathering effects do not seem as severe as on the roof of the convenience store, and this is corroborated by the measurements of solar reflectance at 500 days for the samples VC and SHP shown in Fig. 2 . The differences between the predicted coated and uncoated heat fluxes are not as large as for the convenience store either. The discrepancy in the case of the convenience store was due to the enhanced effect of the shading on the coated area of the roofi with preferential shading near noon, when solar irradiation peaks. The predicted heat fluxes through the heavyweight concrete deck of the veterinary clinic are delayed and diminished relative to those through the insulation. The deck heat flux through the uncoated area is positive (into the building) all 24 hours of these sunny, hot days. The fresh coating allowed a few hours per day of negative heat fluxes (out of the building); but a year later, the weathered coating has lost this advantage or the climatic conditions are slightly more severe.
To generalize the lessons from Figs. 4 and 5, Tables 4 and 5 present average sunlit roof values for heat fluxes in the same manner as inchded in the monthly averages in these tables for times when the coated heat flux was positive and the uncoated heat flux exceeded it by 0.5 Btu/h412 ( 1.6 W/m2). This sunlit criterion is more complicated than for surfiwe temperatures but was necessary beeause heat fluxes routinely became negative at night and stiIl occasionally satisfied the difference. Requiring positive heat fluxes excluded nighttime heat fluxes. The sunlit criteria generally yielded entries for pairs of heat fluxes beginning slightly Iater in the day than pairs of surl%cetemperatures and continuing later into the early evening.
For the convenience store, the measured heat fluxes, and therefore their averages, are more accurate. However, the average predicted heat fluxes yield usefi.dtiormation. They show that the percentage decreases in heat tluxes predicted through the insulation and the deck due to the coating are the same within Oto +2'XO for the summer months of June through September. Hence, for the convenience store on average, the percentage decrease in heat fluxes through the deck can be characterized by the behavior of the measured heat fluxes through the insulation. These heat fluxes are proportional to differences between roof temperatures inside the roof during summertime; therefore, percentage decreases for them are larger than for the outside-surface temperatures. The fresh coating shows an average heat flux decrease of 557. in July, August, and September 1996 (Table 4) , compared to an average 14% outside-surface temperature decrease for the same months ( Table 2 ). The average heat flux decrease falls off to 44'%. in July, August, and September 1997, compared to 127. for outside-surface temperatures. In the ease of the heavyweight concrete-decked roof on the veterinary clinic, the accuracy of the predictions is acceptable for comparisons of the effeet of the coating on heat fluxes. This is fortunate because the heat fluxes of direct interest in regard to the effect of the roof on the building interior are the heat fluxes through the deck. These are significantly different from heat fluxes through the insulation and yield larger percentage decreases for the effect of the coating. Using the deck predictions, the average decrease in heat flux for August and September 1996 is 5 l% (Table 5 ), compared to an average 12% decrease in outside-surface temperatures in August and September 1996 ( Table 2 ). The average heat flux decrease iidls off to 47% in August and September 1997, compared to 105ZO for outside-surfhce temperatures.
From the perspective of average heat fluxes through the deck during sunlit periods, there is no significant difference in behavior between the lightweight roof on the convenience store (where the effect of the coating is slightly enhanced by the preferential shading) and the heavyweight roof on the veterinary clinic (where deck heat fluxes are delayed by the thermal mass and the coating did not appear to weather as much during the project). However, because the veterinary clinic and three-fourths of the convenience store had an unconditioned plenum shielding the roof from the conditioned interior, the effect of the coating on deck heat fluxes cannot be interpreted as its direet effect on building heating or cooling loads. " The sunlit criterion for obtaining heat flux was based on the coated heat flux being positive @Fc > O)and on the heat flux through the uncoated rooflocationexceedingthe heat flux through the coatedroof locationby 0.5 Btu/Wt2&IFunC -HFC>0.5 Btu/h+t2).
Predictedand measuredheat fluxesare in units of Btu/hft2. Abbreviations:HF = heat flw, UnC = uncoate&C = coated NA = not available.
6The respectivepercentagebenefitsof lower snrfhcetemperatureon the heat fluxesthrough the insulation and through the deek are computedby 
Whole-Buildinp Modeling Usin~DOE 2.lE
Of particular interest in this NTDP project is the effect of white coatings on the annual cooling energy demand of buildings in the federal sector. The unconditioned plenums under much of the roof of the convenience store and all of the roof of the veterinary clinic make it difficult to extrapolate annual energy impact from the trends shown by the heat fluxes through the roofk in Tables 4 and 5 . Even if the effect of the coatings on the annual cooling energy demand of the buildings were obtainable from the heat fluxes in these two tables, the buildings are certainly not typical of all federal buildings, and the weather during which the data were obtained is not typical of that for all federal buildings.
At best, the buildings can serve as examples of the effect of coatings. In order to maximize their worth as examples, we performed annual energy use modeling of the convenience store and the veterinary clinic using the public domain program DOE 2.1 Version E (LBNL 1981 (LBNL , 1993 . This section describes that effort and presents results from the models for the relative effects of the coatings and natural shading on the annual energy demand of these buildings in the climate of the Florida Panhandle. The model for the veterinary clinic and its roof with no coating, fresh coating, and weathered coating was then modified to determine the effect of the type of roof and the plenum on the annual energy use. Based on the annual energy use predictions and information about the purchase and installation of the coatings, we generated simple economic payback times for the coated roofs. These simple payback times do not address other possible benefits of coatings besides energy savings, such as extending the life of the membranes they cover.
The test protocol included monitoring of total electricity demand in the all-electric convenience store and veterinary clinic. Pulse-initiating kilowatt-hour meters in each building reported total electricity demand to a pulse counter in the data loggers. Little could be done directly with these data. The high internal electrical loads in the convenience store and the consequent erratic nighttime demand prevented simple correlation of the effect of the coating to total demand. The essentially zero nighttime and weekend demand in the veterinary clinic did allow generation of monthly average electrical demands during occupied hours. In fhct, a comparison between the average power demand of the veterinary clinic building and the average outside-air temperature on its roof was offered as tentative proof that the coating was saving electricity (Petrie, Childs, and Christian 1998) . The averages before and after the coating was applied were computed when power demand exceeded 1.5 kW. The level of 1.5 kW was judged to mean that the HVAC system of the building was in active operation. Table 6 presents the complete list of monthly average power demand and outside-air temperatures for the veterinary clinic based on hourly power demands in excess of 1.5 kW. Data for May and June 1996 are included to show months before the veterinary clinic roof was coated. The average outside-air temperatures shown here are slightly different from those for corresponding months in Table 2 because the criteria are different. For euple, Table 6 does not include data for any sunny weekend days when the veterinary clinic's HVAC system was not operating at normal occupied thermostat setpoints
The data in Table 6 show an apparent decrease of 137'.in average power between June and August 1996, despite a 1.1Y. increase in average outside-air temperature. The likelihood that this is due to some cause other than the effect of the coating is brought out by comparing data for May and June 1996 (before the roof was coated) with data for May and June 1997 (after about a year of weathering for the coating). Even though in May and June of 1997 the building had the advantages of a coated roof and lower monthly average temperatures, its power demand was higher than for the same two months of 1996. With a slightIy weathered coating on the roof, the building used 12'XO (May) and 14% (June) more average power in 1997 than in 1996, despite a 2.8'%(May) and 1.6% (June) decrease in average outside-air temperature in 1997.
Average power demand did increase in August and September 1997 relative to August and September 1996, au expected result as the white coatings weathe~but the increase -an average of 14% -is too much to be due to the slight decrease in the reflectance observed on the veterinary clinic roof. Clearly, there are too many uncontrolled variables atlecting power demand even for the simple veterinary clinic. For example, both in 1996 and 1997, June was the month of highest electricity use in the veterinary clinic despite milder weather as compared to subsequent summer months.
DOE 2.lE Modeling of Existing BuiIdings
DOE 2. lE models were generated for the veterinary clinic and convenience store and subjected to Typical Meteorological Year (TMY) climatic data for Apalachicola, Florida, near Tyndall AFB. A successful DOE 2.1 E model includes good descriptions of the basic constmetion f=tures of a building; its heating, ventilating and air conditioning system and schedules for occupancy; lighting; thermostat settings; and, especially in the case of a building like the convenience store, internal equipment usage and the shading of the building. Descriptions of the convenience store and the veterinary clinic follow.
The Convenience Store. The convenience store is a concrete block building with a BUR shaded by large live oak trees to the south. A sketch was drawn of the shading pattern at mid-morning of a clear midAugust day. The shadow cast by the trees covered 27.5% of the roof area. A large 50% transparent rectangle was input into the model to represent the shading and cast a shadow with an area equal to that at the time of the sketch. So much of the convenience store roof is shaded that the instruments were deliberately installed in shaded areas. The original part of the building -about 3060 f12(284 m2) in floor area -has a wood deck with nominal 2 x 10 ceiling joists. This part serves as the store itself and has a suspended ceiling forming an unconditioned plenum with R-value of 11 hft2"oF/Btu (1.9 m2.1UW)batts laid on the ceiling tiles. Insulated ducts in the plenum distribute air that is heated by electric resistance strip heaters or cooled by a direct-expansion evaporator coil. Air temperature is controlled by a thermostat in the store area. Refrigerant lines go to and from a compressor and condenser coil on a concrete pad outside the building. There are also several compressors and condenser coils on other external pads to serve the refrigerators and freezers in the store. No equipment is on the roof. A stockroom about 950@ (88 m2)in area was built when the building was converted to a convenience store. Its BUR is over a metal deck and 2 in. (5.1 cm) of polyisocyanurate insulation and was the site of the instrumented areas. The stockroom is open to the store through a large door-sized archway and is separately heated and cooled by a through-the-wall air-to-air heat pump. Suspended fluorescent fixtures serve the lighting needs of both the store and stockroom. Before the convenience store roof was coated, it was open for customers seven days a week from 10 A.M.to 10 P.M. As of August 1, 1996 (at the end of the first month after coating), store hours were reduced to 9 A.M.to 7 P.M. weekdays and Saturdays and 11 A.M. to 5 P.M. on Sundays. The energy management system at Tyndall AFB adjusted the hours of HVAC system operation in response to the new schedule. .1-to 7.6-cm) heavyweight concrete deck. It originally housed a radar facili~. There are two deciduous trees at the south end of the building that shaded some of the south wall and roof of the building but not the areas that were instrumented. Rectangles, 50!Z0 transparent in summer but 100% transparent in winter, modeled this shade. A small unconditioned room at a back corner of the building houses the air handler for an air-to-air heat pump that heats and cools the building. The thermostat to control the heating and air-conditioning is in a reception area at the front of the building. Air distribution is through ducts in the plenum above a suspended ceiling. Recessed fluorescent lights are in the ceiling. The building is operated as a small animal clinic from 8 A.M.to 4 P.M. weekdays and 8 A.M.to 12:00 noon some Saturdays and is closed most Sundays and holidays. It too is served by the Tyndall AFB energy management system. There is very little electrical equipment in the building: two refrigerators and miscellaneous office equipment. Regular occupancy is limited to one receptionist and one or two veterinarians, in addition to walk-in visitors with pets. The kennels for occasional boarding of pets are outdoors.
To test the accuracy of the DOE 2. lE models of the convenience store and the veterinary clinic, hourly reports were scheduled in the models to print out the roof shading and roof temperatures as well as the total electrical load on the plants specified to separately serve each building. Reports were written hourly for a week in February, June, August, and September of 1996 and June, July, August, and September of 1997. The months were selected when power measurements were available and to cover the duration of the project. The week in each month was selected so that the measured outdoor-air temperatures, TOA, for each building approximately matched the dry-bulb temperature, TDB, in the TMY weather file for Apalachicola, Florida. Figure 6 shows examples of the results after all adjustments in the models. The weeks shown are February 7- 13, 1996, and July 19-25, 1997 . The TMY dry-bulb temperatures in general match the measured outdoor-air temperatures, but the variations in measured power in both buildings still do not exactly match variations in the outside-air temperature. Moreover, measured power use is more erratic than the predicted power use despite considerable effort to match the observed power usage by adjustments in occupancy, lighting, and equipment as well as heating and cooling thermostat setting schedules. Note that the DOE 2. lE model successfully followed the change in schedule starting August 1, 1996, in the convenience store. The hours of non-setback power demand in February 1996 are longer than in July 1997. The data loggers were kept on eastern standard time year-roun~and scheduling was adjusted in the models.
Daytime peaks in power usage modeled well for the convenience store, but the erratic nighttime demand was more difficult to follow. A summer-only equipment schedule was implemented to specifi about 5 kW extra summer demand caused by the operation of refiigerators and freezers in hot weather. The much lower power demand of the veterinary clinic as well as its being closed on weekends show up clearly in both the measured and predicted power use for the building. Because the nighttime demand is often nearly zero, it was easier to model than the erratic convenience store power demand.
The reflectance (p) of the uncoated roofs on both buildings was assumed to be 0.10. The convenience store and veterinary clinic models with coated roofs were run with solar reflectance of 0.525 and 0.45, corresponding to the fresh and weathered values in Fig. 2 . To the scale of Fig. 6 , the dashed lines for the weathered value deviate little from the solid curves for the fresh value.
The base cases for each building -for an appropriately shaded and freshly coated root with a solar reflectance of 0.525 -were modified to test the effect of shading and no coating as well as the effect of the weathered coating. The results are shown in Table 7 , with total annual energy use and portions for cooling and heating (including supplemental heat for the heat pumps) given in kilowatt-hours for each case. Changes in total energy use do not equal the sum of the changes in cooling and heating energy use because of small changes in other categories of use, such as for ventilation fans. Percentage changes due to shading, weathering, and no coating compared to the base case (shading and fresh coating) are calculated as shown in the heading above each set of values.
The annual energy uses for the convenience store are much larger than for the veterinary clinic because the convenience store is larger and has greater internal loads. Hence, for the veterinary clinic the effects of coating the roof and even of the small shade trees at the south of the clinic have a larger percentage impact for this building. For both buildings the effect of the changes shown in Table 7 cause a misleadingly high percentage change in the heating energy needs. This is because the annual heating energy itself is small for both buildings.
The decrease of 0.075 in the solar reflectance value for the coating observed over the duration of the project has a negligible impact on the cooling energy and total energy for the convenience store. It is not very significant for the veterinary clinic either. The hourly reports showed that peak roof temperatures in mid-August were 6 to 7 "F (3.3 to 3.9" C) wanner with the weathered coating on both roofs than with the flesh coating. The decrease of 0.425 in roof solar reflectance from the fresh coating to no coating caused the roof temperature in the models to increase 31 to 36 "F ( 17 to 20 "C) at peak times without the coating. However, even this change is not very significant for the convenience store, and energy savings were probably not noticed in the effects of the change to a shorter schedule just afler the convenience store roof was coated. The predicted savings of 7.4°/0in cooling energy and 3.2°Ain total energy use for the veterinary clinic are encouraging, although not as much as the misleading 13°/0saving in occupied power obtained from data in Table 6 for June and August 1996. a Abbreviations:p = solar reflectance;FC = fresh coating; WC = weathered coating, NC = no coating, SH = shading; NS = no shading.
The partially transparent rectangles used in the model delivered a peak shading fkaction of 0.10 for the convenience store roof and 0.00 for the veterinary clinic roof in rnid-Augnst. Relative to the base case, peak roof temperatures without shade were only 1'F (0.6 0C) warmer on the convenience store and unchanged for the veterinary clinic. The predictions for the effect of shading are put into perspective by comparing them to the predicted effect of the coating. The 1.8% effect on cooling of shading the south wall of the veterinary clinic is one-fourth the 7.4°Aeffect of the coating. Conversely, the O. 90/0effect on cooling of shading for the convenience store is about the same as the O. 8°/0effect of the coating, Despite the smaller percentage in savings, shading is a more important cooling energy saving measure for the convenience store than for the veterinary clinic.
DOE 2.lE Modeling of Modified Veterinary Clinic Building
The data shown in Table 7 indicate significant savings in cooling energy and total energy for the veterinary clinic with a fresh coating on the roof as compared to the uncoated roof. This is despite the thermally massive roof, which delays some roof load until af-lerthe clinic is unoccupied and in energyconserving thermostat mode. It also is despite the unconditioned plenum between the drop ceiling and the roof deck that shields the conditioned space from direct interaction with the roof.
To determine how the thermally massive roof and the plenum might impact energy savings from radiation control coatings, modifications were made to the base case model for the veterinary clinic building. For identification purposes in Table 8 and Fig. 7 , the cases are labeled A through F, with the base case being case A.
In the first modification (case B), we substituted the metal-decked BUR with 2 in. (5.1 cm) of polyisocyanurate insulation from the instrumented part of the convenience store roof for the existing veterinary clinic roof in the model. This replaced the massive heavyweight concrete and the light-weight concrete above it with a metal deck. Second, with the less thermally massive metal deck in place, we removed the plenum from the model so that the interior conditioned space was exposed directly to the roof deck (case C). Third, with the plenum removed, we used a smooth metal roof on the veterinary clinic (cases D-F). The thermal mass of this roof is small. DOE 2. lE assumes that it is small and uses its U-value (the inverse of the R-value) to calculate the heat flux. For these so-called "quick" roofs, we used three R-values in cases D through F. For case D, we estimated an R-value of 15.4 hft2"OF/Btu (2.7 m2"K/W)for inside convection in downward heat flow with a nonreflecting surface in series with a thin metal layer and 2 in. (5. 1 cm) of polyisocyanurate over a plywood deck 0,5 in. (1.3 cm) thick (ASHRAE 1997) . We then decreased the insulation to 1 in. (2.5 cm) in case E, yielding an R-value of 8.4 hft2"OF/Btu (1.5 m2.KiW). Finally, in Case F we modeled an uninsulated metal roof with no plenum. The polyisocyanurate was removed from the insulated metal roof, yielding an R-value of 1.4 hft2"0F/ Btu (0.25 m2"IUW).The solar reflectance of the roof surfhce were adjusted for each R-value to correspond to our experience with ileshly coated smooth surfaces (p~.= O.75), a weathered value on smooth surfaces (pWC = 0.525) to coincide with the flesh value on a rough surface and with a handbook value (p.C= 0.20) for the solar reflectance of uncoated but oxidized steel (Sparrow and Cess 1970) . Table 8 presents the DOE 2. lE predictions of annual energy use by the modified veterimuy clinic building. Data for the base case (A) are repeated from Table 7 in the first set of total, cooling, and heating energy uses. Heating energy use is low in the climate of the Florida Panhandle but is included for completeness. All features of the base case were retained in the modifications (cases B-F) except for the changes listed in the heading for each and explained above. The thermally massive roof does not have much impact in the model, judging from the f%t that the energy uses and percentage changes due to the coating hardly change at all when a lighter-weight but equally insulated roof is used (case B). For example, the cooling energy savings due to a fresh coating increase only O. 5°/0-from 7.4°/0to 7.9°/0-relative to the base case. Since the insulation level equivalent to 2 in. (5.1 cm) of polyisocyanurate was held constant with and without the thermally massive roof and DOE 2. lE was able to calculate custom wei@ing factors for both roofs, the effect of the thermal mass should be accurately modeled.
The absence of a plenum (case C) makes a little more difference in energy savings -for example,
another 2% cooling savings to 9.9'XO due to the coating. The presence of the 2 in. (5.1 cm) of polyisocyanurate seems to prevent greater savings. There is no direct way in DOE 2.1E to model the influence of plenum temperature on the distribution air temperature. It is possible to speci& a temperature change for the distribution air, but we did not measure any duct conditions to justi~a specification other than the default. Hence, the effeet of the plenum on building energy use is probably underestimated by DOE 2. lE. Parker and associates (1998) modified DOE 2. lE source code to reflect the significant effeet, shown in their measurements, of reflective roof coatings on conditions for ducts in plenums under uninsulated roofs.
The smooth roof cases (D-F) show more significant energy savings. For smooth roofs with 2 in. (5.1 em) of polyisocyanurate insulation, 1 in. (2.5 cm) of insulation, and no insulation, the cooling energy savings for the freshly coated cases relative to the corresponding uncoated cases are 13°/0,210/0,and 43°/0, respectively. The differences in solar reflectance between the freshly coated and uncoated cases are slightly greater for the smooth roofs (cases D-F) than for the rough BURS (eases A-C). For the smooth roofs, the freshly mated solar reflectance is 0.75, as compared with an uncoated value of 0.20. For the rough BURS, the freshly coated solar reflectance is 0.525, compared with an uncoated value of 0.10. Henee, the smooth roof with 2 in. (5.1 cm) of insulation but without a plenum (case D) slightly outperforms the rough roof with 2-in. insulation and no plenum (ease C). However, the difference for the smooth rooil may be optimistic. The uncoated reflectance for the metal roof corresponds to heavily oxidized steel. An uncoated galvanized root even if it is very dull, has handbook reflectance values equal to those of fresh white coatings (Sparrow and Cess 1970) .
The estimates of energy use with the uncoated roofs also are compared to uses with the weathered coating (Table 8 , last column). Over the range of solar reflectance shown in the table, the total ener~use and the cooling energy vary approximately linearly with solar reflectance. For example, for the metal roofs in cases D-F, the reflectance assumed for the weathered coating yields 60°/0of the improvement that the fresh coating yields. For eases D and E (2-in. and l-in. insulation, respectively) the total and cooling savings with a weathered coating are 57 to 59°/0of the savings with a fkesh coating. For the uninsulated cases, the dependence on reflectance is less linear, and the energy savings with the weathered coating are 53 to 54% of the savings with the fresh coating. As was shown in Fig. 2 , our experience with white coatings has been that they attain their fully weathered values in less than two years of service. For projected coating lifetimes of 10 years, the coating is in a weathered condition for more than 80% of the time it is on the roof. The data for metal roofs in Table 8 show that weathered values of solar reflectance should be used for economic decisions based on peflormance over the lifetime of the coating to avoid overly optimistic estimates of energy savings. This was the approach taken in establishing the credit for reflective roofs against additional insulation in the proposed revision of ASHRAE/IES Standard 90.1 (Akbari et al. 1998 ).
I Economic Payback of Coated Roofs
The total annual energy use savings for the weathered coating compared to energy use with an uncoated roof for cases A through F in Table 8 were used to generate simple payback times. An additional ease, C', as described below, was included in order to compare savings for the fresh coating to an uncoated condition for the rough-surfaced BUR without a plenum. The differences between the total energy uses for the uncoated roof surface and the weathered (and one fresh) coating were multiplied by $0.075 per KWh (the average price of electricity at Tyndall AFB during the project) and divided by 1500 & (the size of the veterinary clinic roof) to yield savings per square foot per year. Quantities per square foot can be multiplied by 10.76 to convert to the s~e quantities per square meter.
Experience from coating the rough-st.u%acedBURs at Tyndall AFB showed that coverage was only 40 ft2/gal (1.0 m2/L), compared to the manufacturer's experience of 60 ft2/gal ( 1.5 m2/L) on smooth surfhees. It took four people 12 hours to clean up and apply the coating to 5725 f12(530 m2) of roughsurbeed BUR area. If the roofs had been smooth, it is estimated that only 8 hours would have been needed. With labor costs estimated at $25 per hour and the coating cost at $166.95 per 5-gal (5 1O-L)container, installation cost is figured to be $ 1.05/ft2for the rough surface (cases A through C') and $0.70/ft2 for the smooth surfhce (cases D through F). These costs are divided by the savings per square foot per year to yield the simple payback times shown in Fig. 7 .
Case C' is for the freshly coated rough-sufiaced BUR (p = 0.525) with 2 in. (5. 1 em) of polyisocyanurate foam insulation but no plenum. Case D is for the weathered coating on the smooth-surfhced metal roof (p = 0.525) with 2 in. (5.1 cm) of foam insulation but no plenum. Since the foam insulation thicknesses and surface solar reflectance are equal for cases C' and D, it is reasonable that the payback times are approximately equal. The BUR in case C' adds a little insulation value and thermal mass, making for a slightly longer payback time. For the electricity costs and climate of the Florida Panhandle, only case F, with the weathered coating on the uninsulated metal roof and no plenum, shows a payback time that is less than the nominal service life of 10 to 15 years for a coating. Installation of a radiation control coating on anything but a poorly insulated smooth surface is difficult to justifi on the basis of savings in energy costs alone. Figure 7 does not include any effects of other possible savings due to coatings, such as possible extension of the service life of the roof before replacement or re-cover. Table 8 ) 
Inventions
No inventions were made or reported during the conduct of this project.
Commercialization Possibilities
The technology demonstrated in this project is commercially available and can be applied to all manner of roof surfaces. Whether or not it should be applied to a particular roof is a decision best made on a case-by-case basis.
Plans for Future Collaboration
No fhture collaboration with ThermShield International, Ltd., is anticipated as an outgrowth of this project. A more comprehensive project is underway to study the long term thermal pefiormance of radiation control coatings on smoo~low-slope roof surfaces. It collaborates with the Roof Coatings Manufacturers Association and several other individual manufacturers, but does not involve Thermshield International.
Conclusions
Support born the federal New Technology Demonstration Program (NTDP) allowed us to determine the effect of radiation control coatings on two rough-suri%cedroofs at Tyndall APB in the Florida Panhandle. One of the roofs, over a convenience store, was significantly shaded by large live oak trees. The other, over a veterinary clinic, had a thermally massive deck of heavyweight concrete.
Average decreases in the sunlit temperatures of the coated vs the uncoated surfhces for August, September, and October of 1996 and 1997 show the effects of weathering for comparable climatic conditions (Table C 1 ). They also show that shading enhanced the measurement of the coating effect on the significantly shaded roof. The coated instrumented area there was preferentially shaded near noon.
Deck heat fluxes are the direct contribution of the roof to the building interior. To obtain heat fluxes through the bottom of the roof decks, we compared results from a one-dimensional transient heat conduction program, using measured inside-surface and outside-surface temperatures as boundary conditions, to heat fluxes measured in the middle of the 2-in. . each roof. At summer conditions, trends for percentage decreases in average heat fluxes through the bottom of each deck for the coated vs. the uncoated surfaces are similar to those for sunlit surface temperatures (Table C2) . Values are larger because the heat fluxes are the result of temperature differences. Although the solar reflectance for white coatings on the rough-sufiaced BURS did not increase as much as for white coatings on smooth surfaces, the increase was still significant. With weathered coatings, relative to uncoated BURS, temperatures of the roof surfaces and heat fluxes through the roof decks were decreased by over 10% and 45Y0,respectively, during sunlit periods. Fresh coatings performed slightly better, with temperature decreases over 12% and deck heat flux decreases over 55Y0.
An unconditioned plenum under the veterinary clinic roof and under three-fourths of the convenience store roof prevents us from directly interpreting deck heat flux decreases as decreases in building cooling load. To produce data for decreases in building cooling load, we constructed whole-building DOE 2. lE models with the architectural details and operational features of each building. These models were subjected to Typical Metereological Year (TMY) climatic data for Apalachicola, Flori@ near Tyndall AFB. Model accuracy was verified by comparing measured and predicted building power for 8 weeks throughout the project when air temperatures measured above the roofs approximately matched the TMY dry bulb temperatures.
The convenience store with the shaded roof had very high internal loads. The shading and the coating were equally effective in decreasing cooling and total load (Table C3) , but neither had a very great effect because of the building's internal loads. The heating percentage increases are large because of the small amount of heat required by buildings in the Florida Panhandle.
The veterinary clinic with the heavyweight concrete-decked roof had small internal loads. For it, the coating noticeably decreased annual total and cooling energy use. The small heating load again exaggerated the heating penalty (Table C3) a UnS = unshaded, S = shaded,UnC = uncoated, C = coated.
Within the limits of DOE 2. lE for handling thermally massive components and plenums, additional modeling was done for the veterinary clinic to study the effect of the roof surface, the insulation level, and the plenum, holding all other features in the model constant. These data for annual energy savings were combined with data for installing the coatings to yield annual savings in energy costs, installation costs, and simple payback times.
In the modeling the thermally massive roof deck was replaced by a lightweight deek. Then the plenum was removed. Without a plenum, a smooth-surfaced metal roof was postulated and its foam insulation was decreased from 2 in. (5.1 cm) to none. The fresh coating on the thermally massive veterinary clinic roof saved 7.4°Aannual cooling energy without modifications. The modifications showed progressively more and more annual cooling ener~use as the effeetive amount of insulation in the uncoated roof decreased. Percentage savings with the fresh coating increased to 43% in the iinal case with the uninsulated metal roof and no plenum. This case also showed that estimates of energy savings over the lifetime of a coating should be done with solar reflectance for weathered coating. Otherwise, estimates of savings due to improved thermal performance will be overly optimistic (for this ease, estimates of savings due only to improved thermal petiormance were about 50?40 too optimistic). Using weathered coating reflectanees, simple payback times exceeded the projeeted coating life of 10 to 15 years except in the case of the uninsulated metal roof.
